Monoclinic vanadium dioxide VO~2~ (M) which was reported firstly by Morin in 1959[@b1], has attracted significant attention due to its superior physico-chemical property. The reversible and abrupt semiconductor-metal transition could be associated with the change of crystallographic structure from the monoclinic (M-phase, P21/c, semiconductor) to the tetragonal (R-phase, P4~2~/mnm, mental) phase at 68 °C. And dramatic changes in IR region transmission and electrical resistance also occurred simultaneously. By these advantages, VO~2~ (M) is believed to be a potential functional material for various industrial and technological applications such as electrical devices[@b2][@b3] and energy-efficient smart windows[@b4][@b5].

In the past several decades, different methods including sputting deposition[@b6], chemical vapour deposition(CVD)[@b7], sol-gol[@b8][@b9][@b10], pyrolysis[@b11][@b12] and hydro/solvothermal[@b13][@b14][@b15][@b16][@b17] have been developed for preparing VO~2~ (M). However, these methods suffer from some limitations such as harsh gas atmosphere with exactly controlled flow, time consuming or post-treatment with high-temperature. In order to enable a practical process for the application of VO~2~ (M) in industrial fields, developing simple and efficient methods are highly desired.

Recently, there are several groups which report some accessable methods to prepare VO~2~ (M). Y. Xie[@b18] *et al*. have studied in detail that the several different precursors to prepare VO~2~ by the combustion method. VO(acac)~2~ and Bis (α-furylacrylic acid) oxovanadium (IV) complex is considered as the V source, which could fabricate VO~2~ nanoparticles. However, the Bis (α-furylacrylic acid) oxovanadium (IV) complex needs to be prepared by the time-consuming process, of which the yield rate is also low[@b19]. And the price of VO(acac)~2~ is more expensive. In 2013, G.T. Chandrappa[@b20] *et al*. developed a solution consisted of NH~4~VO~3~ and DL-malic acid to prepare monoclinic VO~2~ by the combustion. The VO~2~ can be obtained in 5 min, which is quite fast to collect VO~2~ nanopowder. Unfortunately, the method needs 470 ± 10 °C in muffle furnace to guarantee enough energy to form VO~2~. In addition, at the smouldering stage, the air partial pressure is not easy to be controlled exactly, which is not helpful for the formation of the pure VO~2~ (M). J. Zou and co-workers[@b21] have reported the thermolysis of VEG (vanadyl ethylene glycolate) for synthesizing VO~2~ (M) in air. Nevertheless, the multi-step operation and time-consuming process would limit its practical application. By contrast, further works should be made for providing a facile route to prepare VO~2~ (M), especially the production of VO~2~ (M) nanoparticles in a large scale and promotion of thermochromic smart window in a low cost.

As part of an ongoing interest on preparation of VO~2~ (M), we herein propose a simple and low-cost method for preparing VO~2~ (M) nanoparticles with high purity and thermochromic performance. This process only involves the combustion of a mixture of EG (ethylene glycol), NH~4~VO~3~ and EtOH (ethyl alcohol) in several minutes. Compared with the previous methods, the VO~2~ (M) could be obtained with high cost performance. The thermochromic performance of VO~2~-based composite film shows 12.5% for the solar transmittance modulation with luminous transmission and haze around 62.2% and 0.5%, respectively. These privileges make it be possible for the production of VO~2~ (M) and thermochromic films in a large-scale with low cost.

Results and Discussion
======================

Fabrication mechanism of the VO~2~ (M)
--------------------------------------

In this approach, VO~2~ (M) can be formed *via* a solution combustion process as illustrated in [Fig. 1](#f1){ref-type="fig"}, followed by all-around characterization. In order to explore reaction mechanism, the temperature evolution of position A, B in [Fig. 1](#f1){ref-type="fig"} directly measured by the thermocouple are shown in [Fig. 2](#f2){ref-type="fig"}. The position A is located at the interface of the flame and solution. The position B is located at the interface of the flame, solution and inner wall of the container. The temperature measurement at position A is to prove the formation of VEG. The temperature at position B is variable on account of dynamic change of flame, whereas the change trend of temperature could be used to analyze the temperature scale of position B in a full reaction process.

From the temperature evolution in [Fig. 2](#f2){ref-type="fig"}, it can be found that at 6 minutes, the temperature of position A is up to 120 °C and kept at the above 120 °C over a period of time, which ensures the formation of VEG by reaction between NH~4~VO~3~ and C~2~H~6~O~2~[@b21]. And at the same time, the colour of the solution changes from bright yellow to brown and a little precipitates appear on the inner wall of container as shown in [Fig. 1b](#f1){ref-type="fig"}. The temperature at position A is increased to 171 °C at 9 minutes, and a black reaction solution is observed (in [Fig. 1c](#f1){ref-type="fig"}). In order to clarify this change, the reaction was interrupted at the time and the resulting precipitates were collected.

The XRD pattern of the precipitate is shown in [Fig. 3a](#f3){ref-type="fig"}. It can be found that the XRD pattern of the precipitate matches well with that of the standard JCPDS card (No. 49-2497) corresponding to VEG. No peaks of other phases and impurities are observed, which indicates that pure VEG could be produced in the reaction as the following equation [Eq. (1)](#eq1){ref-type="disp-formula"}.

The morphology and microstructure determined by SEM are shown in [Fig. 3b](#f3){ref-type="fig"}. It can be found that the VEG product is composed of dispersed microspheres with different sizes, which is similar with the previous results[@b22]. The surface structure of spherical VEG presents the aggregation of chain-like VEG as shown in the magnified SEM.

In order to explore the conversion process of the VEG, the thermal behavior of VEG in air is investigated subsequently. The TG and DSC curves of the VEG are shown in [Fig. 3c](#f3){ref-type="fig"}. From the DSC curve, it can be found that there is an obvious exothermic peak around 253 °C, indicating that the decomposed temperature of the VEG is around 253 °C. The corresponding sharp mass loss can be found in TG curve. The total mass loss between 180 and 300 °C is 32.3%, which is approximate to the theoretical value of 34.6% calculated from the equation below[@b23].

Hence, according to the TG and DSC curves, the heat treatment of the VEG at 300 °C can be sufficient for the complete decomposition. With the decreasing of solvent in the combustion process, more and more precipitates appear on the inner wall of the dish. The temperature of the position B is always above 300 °C in [Fig. 2b](#f2){ref-type="fig"}. Therefore, the formation of VO~2~ proceeds at position B, resulting from the adequate energy and oxygen accessed. After reaction completion, the precipitates are fully converted into the black-blue powder.

The XRD pattern and SEM images of the black-blue powder are shown in [Fig. 3d--f](#f3){ref-type="fig"}. It can be found that all diffraction peaks in XRD pattern are well in agreement with that of the standard JCPDS card (No. 43-1051) corresponding to VO~2~ (M). It means that after reaction the black-blue powder is VO~2~ (M). According to SEM image ([Fig. 3e](#f3){ref-type="fig"}), the black-blue powder generated is the well-defined hierarchical spherical shape with diameters typically ranging from 3 to 8 μm. However, it can be observed that the microstructure consists of large quantities of nanoparticles from the magnified SEM image ([Fig. 3f](#f3){ref-type="fig"}). The size of the nanoparticles is estimated to be 100--300 nm.

As is well known, the molecular structure of VEG is a long chain[@b24]. Based on the reaction process and result obtained, it can be found that during the combustion, the chain-like VEG is formed and rapidly aggregate into spherical microparticles to reduce the total energy of the system as schematically illustrated in [Fig. 4a--c](#f4){ref-type="fig"}. As the reaction proceeds, the formed VEG aggregates deposit on the inner wall. In addition, the temperature of position B is always above 300 °C, far higher than the decomposition temperature of VEG with 253 °C. The interface between flame and solution gradually drops with the solvent consumption. The deposited VEG on the inner wall can be decomposed directly at position B. Therefore, after combustion completion, the VEG precursor is decomposed *in-situ* and converted into VO~2~, which has been proved in our previous work as shown in the above [equation (2)](#eq2){ref-type="disp-formula"}[@b23]. At the same time, the aggregated VO~2~ nanoparticles continue to grow to form big particles (in [Fig. 4d](#f4){ref-type="fig"}) as a result of the evolution of CO~2~ gas, H~2~O vapor and structural rearrangement of VO~2~ units during the decomposition process, of which the result is similar with that of the literature[@b21]. Hence, the fabrication mechanism of VO~2~ (M) nanoparticles could be proposed as "precursor formation -- self-assemble -- pyrolysis" process (in [Fig. 4](#f4){ref-type="fig"}).

Taking into account the reaction performed in air, the curvature of the container could influence the reaction process. Thus, the containers with different curvature are investigated. The curvature radius and corresponding curvature of these containers can be seen from [Table 1](#t1){ref-type="table"}. The volume of reaction solution is kept at 100 mL. The XRD patterns of the products obtained from different containers are shown in [Fig. 5](#f5){ref-type="fig"}. It can be found that with the change of curvature from 0.23 to 0 cm^−1^, the diffraction peak of VEG at 2θ = 13.6° shows the corresponding intensity and then disappears at curvature of 0.17 cm^−1^, and finally appears again (shown in the inset of [Fig. 5](#f5){ref-type="fig"}). However, when the curvature is 0.17 cm^−1^, the diffraction peak for VO~2~ (M) at 2θ = 27.8° shows the strongest intensity and all diffraction peaks are ascribed to that of JCPDS 43--1051, with the lattice parameters a = 5.7529 Å, b = 4.5263 Å, c = 5.3825 Å, and β = 122.6°. No peaks of other phases or impurities are observed, indicating that the high purity of the VO~2~ (M) is obtained.

The possible reasons for the above results are hinted in [Fig. 6](#f6){ref-type="fig"}. Due to the difference of curvature, the VEG precipitate layer in container (a) is thicker than (c). The VEG at the bottom could not be pyrolyzed sufficiently in the lack of oxygen and heat energy even though the reaction is exothermic. When the flame is quenched, therefore, little VEG is still existent at the bottom of the container (a) as shown in [Fig. 6](#f6){ref-type="fig"}. Whereas the VEG precipitate layer in the container (e) is thinner than container (c), and the VEG can access to oxygen in air. The VEG can be partially decomposed due to the lack of heat energy because the little heat from exothermic reaction after the disappearance of the flame. Finally, the container (c) with the curvature 0.17 cm^−1^ is suitable for the formation of precipitate and adequate oxygen and proper heat energy, which can ensure the sufficient pyrolysis of VEG to form VO~2~ (M).

Except for curvature, the volume of reaction solution is another factor to influence the pyrolysis. Thus, the experiments of the reaction solution with different volumes in the container (c) are carried out. The corresponding XRD patterns are shown in [Fig. 7](#f7){ref-type="fig"}. It can be found that there is a diffraction peak of VEG at 2θ = 13.6° when the solution volume is at 40 mL and the appearance of diffraction peak of VEG could result from the lack of heat energy for VEG thin layer as the above mentioned. Whereas the solution volume is increased to 200 mL, a thick precipitate layer is observed. Similarly, the incomplete pyrolysis of VEG results in the appearance of diffraction peak of VEG, which is the same as that of the 100 ml reaction solution in container (a). As for diffraction peak at 2θ = 27.8° for VO~2~ (M), whether or not the volume of reaction solution is increasing or decreasing, the intensity become apparently weak compared with the solution of 100 mL in container (c). As a result, the crystallinity of VO~2~ (M) is optimal under the conditions of 100 mL solution in container (c). The VO~2~ powder obtained at the optimal condition is used for the subsequent tests and analyses.

Analysis of TEM images for the obtained VO~2~
---------------------------------------------

The size of the nanoparticles are measured by TEM images ([Fig. 8a](#f8){ref-type="fig"}), which is close to the result shown in the SEM image ([Fig. 3 (f)](#f3){ref-type="fig"}). [Figure 8b](#f8){ref-type="fig"} shows the representative HRTEM image of individual nanoparticles. The interplanar distances of 0.483 nm and 0.226 nm matches well with the d~(100)~ and d~(020)~ spacings of monoclinic VO~2~ (M) structure, respectively. Furthermore, the measured lattice-plane angle is 90°, which is consistent with the result calculated from VO~2~ (M) crystallographic parameters, providing the microscopic evidence for the formation of VO~2~ (M)^13^. According to the SAED pattern ([Fig. 8c](#f8){ref-type="fig"}), the independent and bright diffraction spots indicate that the VO~2~ (M) nanoparticles present good crystallinity. The dots are indexed to (100), (020) planes of VO~2~ (M), which are consistent with the result of HRTEM image.

Analysis of the XPS spectrum for the obtained VO~2~
---------------------------------------------------

The XPS spectrum of the obtained products is presented in [Fig. 9](#f9){ref-type="fig"}. The binding energies obtained in the XPS analysis were corrected for specimen charging by referencing the C1~s~ line to 284.6 eV. There are only three elements containing carbon, vanadium and oxygen in the XPS survey spectrum ([Fig. 9a](#f9){ref-type="fig"}), where the carbon peak is attributed to surface contamination. Two peaks at 516.4 and 523.9 eV in the high-resolution XPS spectra ([Fig. 9b](#f9){ref-type="fig"}) are associated with the spin-orbit splitting of V2~p3/2~ and V2~p1/2~, which are well in agreement with V^4+^ in the literature[@b25]. In addition, it has been established that the oxidation state of vanadium oxides can be determined by the difference of binding energy (Δ) between the O1s and V2~p3/2~ level. The Δ(O1~s~ -V2~p3/2~) value of as-obtained products is 13.6 eV that matches well with the result reported[@b26]. It indicates the vanadium of the sample is V^4+^ without other oxide state. Especially, the absence of V^5+^ may be attributed to the protection (such as H~2~ and CO~2~) generated in the combustion process[@b18]. Thus, XRD, TEM and XPS spectra confirm the high quality of the as-obtained VO~2~ (M) nanoparticles.

The optical properties of the VO~2~ composite film
--------------------------------------------------

The integral visible transmittance and solar transmittance of VO~2~-based composite film were obtained based on the measured spectra using the following equation:

where Tr (λ) denotes the transmittance at wavelength λ, i denotes 'vis' or 'sol' for the calculations, φvis is the standard luminous efficiency function for the photopic vision, and φsol is the solar irradiance spectrum for the air mass 1.5 (corresponding to the sun standing 37° above the horizon)[@b27]. The modulation ability of is defined as the difference of *T*~*sol*~ between 25 and 100 °C.

There are several crucial factors including , , T~c~ and haze for VO~2~-based smart thin film. The much higher , , and lower T~c~, haze are hopefully obtained. In the past few years, it has been calculated that the VO~2~ nanoparticles are randomly and uniformly dispersed into transparent medium, of which the films possess numerous specific advantages over VO~2~-based continuous films[@b28]. In the work, the VO~2~ nanoparticles present high purity and good crystallinity. Consequently, by dispersing the VO~2~ nanoparticles into transparent polymer and spinning coating, the film of VO~2~-based is fabricated. The transmission spectra and related haze of the obtained film are presented in [Fig. 10a](#f10){ref-type="fig"}. It can be found that the VO~2~-based film obtained shows excellent optical and thermochromic properties. The luminous transmittance is up to 62.2% and the solar transmittance modulation keeps 12.5%, which is consistent with the calculated result of the work[@b28]. Hence, the film shows better thermochromic properties compared with the previous strategies such as solution method[@b29], physical vapour deposition (PVD)[@b30]. Moreover, the haze is 0.5% at 550 nm of the film which verifies significantly the uniformity of the thin film.

The hysteresis loop of the composite film at the fixed wavelength of 1500 nm is shown in [Fig. 10b](#f10){ref-type="fig"} with embedding plot of dTr/dT-T. The temperature corresponding to the maximum of dTr/dT is defined as the phase transition temperature of the branch; T~1~ and T~2~ represent the phase transition temperature of heating and cooling branches, respectively. The phase transition temperature is defined as Tc = (T~1~+T~2~)/2[@b31]. In the past few years, it has been reported that the VO~2~ phase transition occurs through a nucleation and growth process affected by microstructure defects, particle sizes, grain boundaries[@b32][@b33][@b34][@b35]. From the [Fig. 10b](#f10){ref-type="fig"}, it can be found that the phase transition temperature T~1~ = 58 °C and T~2~ = 86 °C. Hence, it can be calculated that T~c~ is equal to 72 °C, closing to 68 °C for the bulk of VO~2~ in the literature[@b36]. And a broad hysteresis loops widths in our paper is 28 °C, which is in line with the results that nanoparticles have fewer defects resulting in wide hysteresis loop in the literature reported by R. Lopez *et al*.[@b32].

Conclusion
==========

In summary, monoclinic vanadium dioxide with pretty crystallinity is successfully fabricated by means of a facile combustion of precursor solution in the evaporating dish. The raw materials: NH~4~VO~3~, C~2~H~6~O~2~ and C~2~H~5~OH are inexpensive and the period of the preparation is relatively short in air without the protection of the extra inert gas. The curvature of container and the volume of solution are proved to be of significant to the fully pyrolysis of VEG and the formation of pure VO~2~ (M). Moreover, the composite foils (haze 0.5%) made from VO~2~ (M) particles displays excellent visible transmittance (up to 62.2%) and solar modulation ability (up to 12.5%). The present strategy exhibits the promising potential for smart window film with low cost and large-scale production.

Methods
=======

Synthesis of VO~2~ (M)
----------------------

All reagents were analytical grade and used without further purification. Firstly, a mixture of 2.0 g powders of NH~4~VO~3~ (99.0%, Aladdin reagent) and 75 mL of ethylene glycol (C~2~H~6~O~2~, Guangzhou Chemistry Reagent) in beaker was heated to 30--70 °C for 30 minutes with vigorous stirring. The transparent yellow solution was obtained after cooling to room temperature. Then the equal volume of ethanol was added to the above solution and the mixture was stirred for additional 30 minutes at the room temperature. Subsequently, the forming solution was placed in evaporating dish, and combusted directly in air. After completion, the black-blue powder on the inner wall of the evaporating dish was collected.

Preparation of thermochronic films
----------------------------------

To prepare VO~2~-based composite smart thermochronic film, VO~2~ (M) powder was mixed fully with the transparent polymer and stirred for several hours. The VO~2~ composite thin films were coated on the glass substrate by spinning with 2000 rpm.

Characterization
----------------

X-ray powder diffraction (XRD) patterns were recorded on X'Pert Pro MPD diffractometer with Cu k~α~ radiation (λ = 0.154178 nm) using a current and voltage of 40 mA and 40 kV. Unless additional stated, all samples were measured at a scanning rate of 0.1°/2θs^−1^. For thermolysis analysis, the differential scanning calorimetry (DSC) experiments were performed using a NETZSCH thermal analyzer (DSC 204F1) under dry air flow in the range of 20--500 °C with a heating rate of 10 K min^−1^. A Hitachi S-4800 scanning electron microscope (SEM) at an acceleration voltage of 2 kV was used to acquire SEM and high-magnificent SEM images. X-ray photoelectron spectroscopy (XPS) measurements were performed on a Thermo Scientific ESCALAB 250 Xi X-ray phtotoelectron spectrometer. The morphology of the prepared particles was also observed by transmission electron microscopy (TEM, JEOL JEM-2010, Japan) operated at 200 kV. The attachment of selected area electron diffraction (SAED) of JEM-2010 was used to get the crystallographic information. To prepare the samples for TEM/HRTEM/SAED analysis, the nanostructures were dispersed in ethanol and then deposited onto 400 mesh carbon-coated Cu grids. The temperature evolution was detected by a thermocouple detector at various stages. Thermochromic properties of films were monitored on a Lambda 750 spectrophotometer equipped with a heating unit in the wavelength range of 380--2500 nm. Transmittance spectra before and after phase transition were recorded at 25 and 100 °C, respectively.
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![Schematic illustration of the combustion in evaporating dish: (**a**) 0 min; (**b**) 6 min; (**c**) 9 min; (**d**) 18 min.](srep39154-f1){#f1}

![The curve A, B corresponding to the evolution of the temperature at position A, B, respectively.](srep39154-f2){#f2}

![(**a**) XRD pattern and (**b**) SEM image of the precipitate obtained at 9 min; (**c**) TG and DSC curves of the precursor VEG; (**d**) XRD pattern and (**e--f**) SEM images of the black-blue powder.](srep39154-f3){#f3}

![Schematic illustration of the formation mechanism of VO~2~ (M) nanoparticles.](srep39154-f4){#f4}

![The XRD patterns of prepared sample in container with different curvature: (**a**) 0.23; (**b**) 0.20; (**c**) 0.17; (**d**) 0.13.](srep39154-f5){#f5}

![The combustion in the container (**a**), (**c**) and (**e**), respectively.](srep39154-f6){#f6}

![XRD patterns of prepared sample in container c with various volume of reaction solution: (I) 40 mL; (II) 60 mL; (III) 100 mL; (IV) 140 mL; (V) 200 mL.](srep39154-f7){#f7}

![(**a**) TEM image of VO~2~ (M) nanoparticles; (**b**) HRTEM image and (**c**) SAED pattern of the an individual grain, respectively.](srep39154-f8){#f8}

![(**a**) XPS survey spectrum of the obtained VO~2~ (M) sample and (**b**) the High resolution XPS (HRXPS) for V2p and O1s region.](srep39154-f9){#f9}

![Thermochromic performance for the VO~2~-based composite film: (**a**) the transmission spectra from 380 to 2500 nm at 25 and 100 °C and the related haze; (**b**) the hysteresis loop of the composite film from 28 to 110 °C at the fixed wavelength of 1500 nm.](srep39154-f10){#f10}

###### The parameters of containers.

  Container                 a      b      c      d      e
  ----------------------- ------ ------ ------ ------ -----
  Volume (mL)              100    150    250    500    500
  Curvature radius (cm)    4.39   5.02   6.01   7.98    ∞
  Curvature (cm^−1^)       0.23   0.20   0.17   0.13    0
